Male mice actively direct their urine at nearby females, and this urine reliably contains unconjugated oestradiol (E 2 ) and other steroids. Giving inseminated females minute doses of exogenous E 2 , either systemically or intranasally, can cause failure of blastocyst implantation. Giving juvenile females minute doses of exogenous E 2 promotes measures of reproductive maturity such as uterine mass. Here we show that tritium-labelled E 2 ( 3 H-E 2 ) can be traced from injection into novel male mice to tissues of cohabiting inseminated and juvenile females. We show the presence of 3 H-E 2 in male excretions, transmission to the circulation of females and arrival in the female reproductive tract. In males, 3 H-E 2 given systemically was readily found in reproductive tissues and was especially abundant in bladder urine. In females, 3 H-E 2 was found to enter the system via both nasal and percutaneous routes, and was measurable in the uterus and other tissues. As supraoptimal E 2 levels can both interfere with blastocyst implantation in inseminated females and promote uterine growth in juvenile females, we suggest that absorption of male-excreted E 2 can account for major aspects of the Bruce and Vandenbergh effects.
Introduction
Mammalian males and their excretions can have major impacts on the reproductive state of nearby conspecific females. Termination of early gestation by novel (nonsire) males around the time of intrauterine blastocyst implantation (the Bruce effect; Bruce (1960) ) and advancement of sexual maturation in nearby juvenile females (the Vandenbergh effect; Vandenbergh (1967) ) have been extensively studied in mice and in a number of other mammals (e.g. Bronson & Eleftheriou 1963 , Izard & Vandenbergh 1982 , Drickamer 1983 , Lepri & Vandenbergh 1986 , Storey 1996 . These phenomena share a number of qualities, especially their dependency upon male urinary constituents that bear upon the female's nasal area (Parkes & Bruce 1962 , deCatanzaro et al. 2006 , 2009 . During the initial days of exposure to females, males develop polyuria and polydipsia, with urination occurring in small droplets that may be directed at nearby females (e.g. Maruniak et al. 1974 , Hurst 1990 , deCatanzaro et al. 2006 , 2009 . These males will attempt to mate with nearby females and may become extremely agitated if there is a barrier between them and the females (deCatanzaro et al. 1996 (deCatanzaro et al. , 2000 (deCatanzaro et al. , 2006 .
It has been hypothesised that the critical male urinary constituents responsible for implantation failure in the Bruce effect (deCatanzaro et al. 2006 , deCatanzaro 2011 and reproductive tract growth in the Vandenbergh effect (Beaton et al. 2006 , deCatanzaro et al. 2009 ) could simply be oestrogens. There is evidence that small molecules such as sex steroids can be absorbed into circulation following nasal exposure (e.g. BawarshiNassar et al. 1989 , Arora et al. 2002 , Tü rker et al. 2004 , Guzzo et al. 2010 , and it is conceivable that male urinary oestrogens could be absorbed by females and have impacts directly on blastocyst implantation and maturation of the reproductive tract. Giving inseminated females exogenous oestradiol (E 2 ), either systemically or intranasally, disrupts implantation and mimics the Bruce effect (deCatanzaro et al. 1991 (deCatanzaro et al. , 2006 . Also, giving juvenile females exogenous E 2 can mimic the Vandenbergh effect (Bronson 1975) and endogenous E 2 in developing females changes after male exposure . Male mouse urine consistently contains substantial quantities of unconjugated E 2 , and levels rise while males are in the presence of females (Muir et al. 2001 , deCatanzaro et al. 2006 , 2009 . Castrated males cannot induce the Bruce effect (Bruce 1965 , Vella & deCatanzaro 2001 or the Vandenbergh effect (Colby & Vandenbergh 1974) . Treatment with testosterone (Dominic 1965 , Lombardi et al. 1976 or E 2 (Thorpe & deCatanzaro 2012) restores the ability of castrated males to induce these effects. Evidence shows clear mechanisms by which E 2 can disrupt blastocyst implantation and promote growth of the juvenile reproductive tract. Although E 2 actions are essential for preparation of the uterus for implantation, very small elevations above optimal levels can impede implantation (Ortiz et al. 1979 , Paria et al. 1993 , Potter et al. 1996 , Valbuena et al. 2001 , Ma et al. 2003 , Dey et al. 2004 . Also, it is well established that uterine growth in developing females is driven by endogenous E 2 (Ogasawara et al. 1983 , Quarmby & Korach 1984 , Kahlert et al. 2000 , Sato et al. 2002 . It is also clear that various exogenous oestrogenic substances can promote the growth of uterine mass in laboratory animals (e.g. Tinwell & Ashby 2004) .
A necessary condition for the male urinary E 2 hypothesis of the Bruce and Vandenbergh effects would be that this steroid is transmissible from male urine directly to the systems of nearby females. Previously, Guzzo et al. (2010) showed that when tritium-labelled E 2 ( 3 H-E 2 ) or male urine containing it is administered to a female's nasal area, radioactivity is measurable in her uterus, but this involved manual application rather than direct exposure to 3 H-E 2 -treated males. Here we demonstrate that 3 H-E 2 injected into a novel male arrives in a female's reproductive tract when the male interacts directly with the female. We show this in both inseminated peri-implantation females and post-weanling juvenile females. These direct exposure procedures match those that are established to cause the majority of females to lose their initial pregnancies (deCatanzaro et al. 1996) and those that produce significant growth of the reproductive tract in developing females (Beaton et al. 2006) . We also show that, following an injection of 3 H-E 2 to male mice, radioactivity is observed in the reproductive tissues and fluids of these males. Furthermore, we examined percutaneous entry of 3 H-E 2 into the female system and compared radioactivity in female organs after nasal exposure to 3 H-E 2 , tritium-labelled testosterone ( 3 H-T) and tritium-labelled progesterone ( 3 H-P 4 ).
Results
Direct exposure of inseminated females to 3 H-E 2 -treated males
In the first experiment, we inquired whether radioactivity could be measured in reproductive and other tissues of inseminated females after they cohabited for a few days with males that were either administered 3 H-E 2 in ethanol or ethanol alone (controls). Liquid scintillation counting on solubilised tissues and blood revealed radioactivity in all samples from females exposed to 3 H-E 2 -treated males on both days 3 and 4 of gestation, whereas all samples from females exposed to control males showed levels close to background radiation (Table 1) . Statistical analysis was conducted for each tissue and blood, comparing females exposed to 3 H-E 2 -treated males and control females, pooling the similar data from the 2 days for reasons of sample size. The effect of condition was significant for each measure: uterus, t(10)Z6.11, PZ0.0002; ovaries, t(10)Z4.83, PZ0.0005; muscle, t(10)Z7.02, P!0.0001; blood, t(10)Z7.31, P!0.0001. Samples of the males' urine were collected the day after removal from the females; these showed values of 688.2G298.4 d.p.m./ml for day 3 males, 587.4G88.1 d.p.m./ml for day 4 males and 0.433G0.219 d.p.m./ml for pooled control males.
Replication of direct exposure of inseminated females to 3 H-E 2 -treated males
In the second experiment, we examined several tissues of inseminated females on day 3 of gestation after cohabitation with either 3 H-E 2 -treated males or ethanoltreated males (controls). Tissues of females on day 3 of gestation after 3 days of exposure to 3 H-E 2 -treated males showed measurable radioactivity in all samples, whereas tissues of females exposed to ethanol-treated males showed negligible radioactivity at background levels ( Fig. 1) In the third experiment, we examined radioactivity in tissues of juvenile females after housing underneath males during postnatal days 22-24. The males were given either 3 H-E 2 or ethanol and were separated from 
Enzyme immunoassay of natural male urinary steroids
We also conducted enzyme immunoassays of natural E 2 , testosterone and progesterone on urinary samples taken from seven outbred males that were housed beside previously inseminated females across a wire grid since day 1 of gestation. The urinary samples were collected non-invasively during the peri-implantation period on days 3, 4 and 5 of gestation, and values were collapsed across this 3 day period. Detectable levels of each steroid were found in all samples from all individuals. Mean (GS.E.M.) creatinine-adjusted values were: E 2 , 17.19G5.97; testosterone, 80.34G22.25; and progesterone, 25.17G5.57 ng/mg.
Tracing intranasally administered 3 H-steroids within inseminated females
In a subsequent experiment, we examined the uptake of 3 H-E 2 , 3 H-T, 3 H-P 4 and ethanol delivered by intranasal administration to inseminated females on day 2 of gestation. Following a 1 h absorption period, females were killed and their tissues were weighed and analysed for radioactivity. Liquid scintillation counting on all prepared tissues revealed radioactivity among 3 H-steroid-treated females in a completely different range from the background levels in control animals ( Fig. 3 ). Females that received 3 H-E 2 clearly showed greater radioactivity in all comparable tissues than ethanol-treated controls, and also more than those treated with 3 H-T or 3 H-P 4 . Each tissue showed significance in separate one-way analyses of variance: uterus, F(3,22)Z63.12, P!0.0001; ovaries, F(3,22)Z 87.65, P!0.0001; muscle, F(3,22)Z11.27, PZ0.0002; olfactory bulbs, F(3,22)Z11.74, PZ0.0002; MCCDC, F(3,22)Z55.35, P!0.0001; cerebral cortex, F(3,22)Z 45.74, P!0.0001. Multiple comparisons indicated that the 3 H-E 2 condition differed from all other conditions for all tissues, and that controls also differed from all other conditions for the ovaries, muscle, MCCDC and cortex. Figure 1 Mean (GS.E.M.) radioactivity in the uterus, ovaries, muscle, olfactory bulbs (OB), mesencephalon and diencephalon (MCCDC), and cerebral cortex of inseminated females following exposure to sexually experienced males for 3 days. Stimulus males were each given daily injections of either 10 ml ethanol (control) or 10 mCi tritiumlabelled oestradiol ( 3 H-E 2 ), starting on the day insemination was detected in the experimental female (day 0 of gestation) and ending the day before tissues were obtained. Each inseminated female was paired with a stimulus male on day 1 of gestation, and sacrificed on day 3 of gestation. nZ5 for each condition. Separate within-subject ANOVA was conducted comparing tissues for subjects given each hormone. Among females given 3 H-E 2 , tissues differed significantly in radioactivity, F(5,25)Z39.17, P!0.0001; multiple comparisons indicated greater radioactivity in uterus and ovaries than in other tissues. Among females given 3 H-T, radioactivity again varied between tissues, F(5,30)Z3.22, PZ0.0190, but multiple comparisons showed no specific significant differences among tissues. Among females given 3 H-P 4 , tissues again differed in radioactivity, F(5,30)Z17.14, P!0.0001, and multiple comparisons showed more radioactivity in ovaries than in other tissues.
Tracing intranasally administered 3 H-E 2 within juvenile females
On postnatal day 28, juvenile females were weaned and then intranasally administered either 3 H-E 2 or ethanol. Following a 1 h absorption period, females were killed and their tissues were weighed and analysed for radioactivity. Radioactivity was greater in all tissues of all females given 3 H-E 2 than in those of females given ethanol (Fig. 4) H-E 2 or ethanol, applied on the lower left quadrant of abdomen skin by micropipette. Following a 1 h absorption period, females were killed, perfused with saline, and then their tissues were collected, weighed and examined for radioactivity. Females exposed to 3 H-E 2 had more radioactivity in all tissues than the controls (Fig. 5) . Each tissue showed significance in separate tests: uterus, t(6)Z8.07, PZ0.0003; ovaries, t(6)Z6.02, PZ0.0007; muscle, t(6)Z3.40, PZ0.0073; olfactory bulbs, t(6)Z7.48, PZ0.0003; MCCDC, t(6)Z11.05, PZ0.0001; cerebral cortex, t(6)Z10.23, PZ0.0001. Within-subject ANOVA applied across tissue in only 3 H-E 2 -treated animals showed significance, F(5,15)Z 8.43, PZ0.0008; multiple comparisons indicated greater radioactivity in muscles than in other tissues.
Discussion
Conventionally, steroid hormones have been understood to operate within the individual, originating primarily from gonadal and adrenal sources and affecting the individual's own receptors. The current data suggest that certain steroids, at least E 2 , may also have impacts across individuals, being excreted by one and absorbed by another. We found that males' systemic E 2 can be transmitted via his excretions and arrive in the uterus and ovaries of both inseminated and juvenile females that interact directly with these males.
Much evidence indicate that small lipophilic molecules can enter circulation after nasal or dermal exposure. Nasal absorption of small molecules into circulation is facilitated by characteristics of the nasal membrane including a large surface area, absorbent endothelium and a highly vascularised mucosa (Türker et al. 2004) . Although molecules under 300 Da may be absorbed into circulation after nasal exposure with little influence of their physicochemical properties, lipophilicity facilitates absorption of larger molecules (Arora et al. 2002) . There is also evidence that lipophilic substances can pass from the nasal cavity directly into cerebrospinal fluid (Sakane et al. 1991) . Percutaneous absorption of small molecules into circulation is well established (Wester & Maibach 1983) and is affected by several Figure 3 Mean (GS.E.M.) radioactivity in the uterus, ovaries, muscle, olfactory bulbs (OB), mesencephalon and diencephalon (MCCDC), and cerebral cortex of inseminated females intranasally administered 10 ml ethanol (control), 10 mCi tritium-labelled oestradiol ( 3 H-E 2 ), 10 mCi tritium-labelled testosterone ( 3 H-T), or 10 mCi tritium-labelled progesterone ( factors including molecular mass, solubility and polarity (Schaefer et al. 1982) . More specifically, percutaneous absorption has previously been observed for several steroids (Scheuplein et al. 1969 , Hueber et al. 1994 , Waddell & O'Leary 2002 .
The present study converges with previous work (e.g. Scheuplein et al. 1969 , Waddell & O'Leary 2002 , Guzzo et al. 2010 showing that small, lipophilic sex steroids can enter circulation following nasal or dermal exposure. Moreover, we show clear arrival at the female reproductive tract. E 2 readily enters circulation from external sources. Testosterone and progesterone can also be absorbed, although we found less radioactivity in various tissues after 3 H-T and 3 H-P 4 exposure than we did for 3 H-E 2 , which could be due to other metabolic and binding factors in addition to differential absorption. Absorbed testosterone from male excretions may be aromatised and thus enhance actions of absorbed E 2 . As progesterone is the precursor of many adrenocortical and gonadal steroids, measurement of radioactivity induced by 3 H-P 4 administration may reflect its metabolites as well as progesterone per se (Brittebo 1982) . With respect to E 2 , metabolites include other unconjugated oestrogens, which can also disrupt implantation and promote uterine growth (Hisaw 1959) . Conjugated oestrogens are not detectable in male mouse urine (Muir et al. 2001) . In the rat, the bioavailability of intranasally administered E 2 is similar to that following intravenous administration, with the majority of E 2 remaining in the unconjugated form in both cases (Bawarshi-Nassar et al. 1989) .
Once in the female reproductive tract, E 2 can induce the Bruce effect through known mechanisms. As little as 37 ng/day of E 2 given systemically on days 1-5 of gestation can terminate pregnancy in inseminated female mice (deCatanzaro et al. 1991 . One study (Ma et al. 2003) has shown that the implantation window is closed by a single E 2 dose as low as 10 ng in uteri previously primed by E 2 and progesterone. Supraoptimal E 2 levels can alter the rate of transport of pre-implantation embryos from the oviduct to the uterus (Ortiz et al. 1979) , render the uterine epithelium entirely refractory to blastocyst implantation (Ma et al. 2003) and threaten survival of the blastocysts themselves (Roblero & Garavagno 1979 , Safro et al. 1990 , Valbuena et al. 2001 . Similarly, once in the female reproductive tract, E 2 can promote uterine growth through known mechanisms. Injections of 100 ng E 2 to immature females for two successive days induced vaginal opening similar to that seen in immature females exposed to adult males (Bronson 1975) . Endogenous E 2 is one of the principal factors in the development of the female mammalian reproductive tract, stimulating growth of the uterus by increasing DNA synthesis and cell proliferation (Mukku et al. 1982 , Ogasawara et al. 1983 , Quarmby & Korach 1984 , Cooke et al. 1997 .
Selective damage to the female's olfactory system, especially the vomeronasal organ (VNO), can prevent her vulnerability to the Bruce effect (Lloyd-Thomas & Keverne 1982). Previously it has been assumed that such damage does so by disturbing transduction of novel male odours to neural signals (see review by Brennan in response to stimuli catching the animal's attention (Meredith 1994) , and its ablation would disrupt proximate vascular networks and thereby interfere with nasal absorption of E 2 into circulation. This latter possibility requires no mediation by neural events. We suggest that transfer of excreted E 2 from novel males to females could provide a clear explanation for the failure of blastocyst implantation in the Bruce effect and uterine growth in the Vandenbergh effect. This mechanism accounts for the established dependency of both of these effects upon the novel male's intact testes (Bruce 1965 , Lombardi et al. 1976 , Vella & deCatanzaro 2001 . In contrast, the androgen-dependent preputial and vesicular-coagulating glands can be removed from males without influencing their abilities to induce these effects (deCatanzaro et al. 1996 , Zacharias et al. 2000 , Khan et al. 2009 . It is notable that we observed relatively high concentrations of 3 H-E 2 in male urine and much lower concentrations in the fluids of the preputial and vesicular-coagulating glands.
These data clearly show direct transmission of 3 H-E 2 between males and females in the paradigms from this laboratory in which the Bruce and Vandenbergh effects have been demonstrated. This includes conditions involving direct placement of the males with the females, where we previously have shown the Bruce effect (deCatanzaro et al. 1996) , as well as exposure through a wire mesh grid with males above females, where we previously have demonstrated both the Vandenbergh effect (Beaton et al. 2006 , Khan et al. 2009 ) and Bruce effect (e.g. deCatanzaro et al. 2006 ). This satisfies a necessary condition for the hypotheses that males' excreted oestrogens are absorbed by inseminated and juvenile females, arriving at the reproductive tract where actions on implantation and uterine growth can occur. These data likely have implications that go beyond the Bruce and Vandenbergh effects in mice. For example, male-excreted androgens and E 2 in goldfish are established to impinge upon conspecific females (Sorensen et al. 2005) . Also, there is evidence that unconjugated E 2 , testosterone and progesterone are abundant in axillary perspiration of young men (Muir et al. 2008) , potentially affecting females during intimacy.
Materials and Methods

Animals
Housing was in standard polypropylene cages measuring 28! 16!11 (height) cm with wire tops allowing access to food and water, except where otherwise stated. Sexually experienced heterogeneous strain (HS) mice, aged 3-8 months, were interbred from C57BL/6N, DBA/2, Swiss Webster, and CF1 strains were obtained from Charles River (Kingston, NY, USA). The colony was maintained at 21 8C with a reversed 14 h light:10 h darkness cycle. CF1 females aged 2-4 months were inseminated by pairing with same strain males and then checking for vaginal sperm plugs three times daily. The day of plug detection was designated as day 0 of gestation. CF1 juvenile females were weaned at either 21 or 28 days of age as indicated below. All research was approved by the Animal Research Ethics Board of McMaster University, conforming to standards of the Canadian Council on Animal Care.
Direct exposure of inseminated females to 3 H-E 2 -injected males
Stimulus HS males were first gradually tolerated to ethanol for a period of 4-8 weeks by replacing their water with a waterethanol solution (week 1, 2% ethanol; week 2, 3% ethanol and subsequent weeks, 4% ethanol). This treatment was necessary to prevent inactivity following injections. Inseminated females were each housed with a sexually experienced HS stimulus male on days 1-3 or 1-4 of gestation. On day 0 of a designated female's gestation, at 8 h following the onset of darkness, each stimulus male was prepared via i.p. injection of either 10 ml 95% ethanol or 10 mCi 3 H-E 2 ([2,4,6,7-3 H(N)]-E 2 , in ethanol, 1.0 mCi/ml, 89.2 Ci/mmol, PerkinElmer, Waltham, MA, USA). This was achieved using a 50 ml syringe (705RN, Hamilton, Reno, NV, USA) with a 26 GA needle (19131U Type 2-S, Hamilton). The injection site was swabbed with cotton doused in 95% ethanol to prevent external contamination. Each stimulus male was paired with its designated female at the onset of darkness on day 1 of gestation. The injection procedure was repeated daily for each stimulus male at 7 h following the onset of darkness. Stimulus males were temporarily housed in a separate cage for 1 h following each additional injection to prevent direct contamination of the inseminated female or the shared bedding. On day 3 or 4 of pregnancy, the inseminated female was anaesthetised via sodium pentobarbital. Blood was drawn from the right atrium until 0.5 ml was collected, which was ejected into a preweighed 20 ml scintillation vial. The female was then perfused with 30 ml saline. The uterus and ovaries were removed from the abdomen, and a sample of muscle tissue was taken from one of the rear thighs. The ovaries and oviduct were isolated from the uterus. Fat and mesentery were removed, and each tissue was placed into separate pre-weighed 20 ml scintillation vials for sample processing. Vials were re-weighed to determine tissue wet mass.
A replication was conducted examining radioactivity in females on day 3 of gestation after exposure to males treated with either 3 H-E 2 or ethanol as described above. Instead of collecting blood, we examined three areas of the brain, while still including samples of the uterus, ovaries and muscle. Following perfusion, each subject was decapitated and its brain removed. The olfactory bulbs were isolated. We then extracted the MCCDC, which is the region enclosed by the posterior communicating arteries extending from the basal to the dorsal aspects of the brain. The cerebral cortex was then extracted as a whole. Uterus, ovary and muscle samples were taken as described above, and all tissues were separately placed in preweighed, pre-labelled vials and weighed to determine tissue wet mass.
Exposure of juvenile females to 3 H-E 2 -injected males through a wire grid On postnatal day 21, females were weaned and isolated to the lower level of a two-tier exposure apparatus (see deCatanzaro et al. 1996) , measuring 30!21!13.5 (height) cm. On the day a female was weaned, two males that were previously tolerated to ethanol were assigned to that female, and both males were each subsequently injected i.p. with 10 ml 95% ethanol or 10 mCi 3 H-E 2 as described above. Following injection, both males were placed in the upper level of the two-tier exposure apparatus, each in one of two compartments measuring 14.5! 21!13.5 (height) cm and separated from each other by an opaque plastic barrier in order to prevent contact between the males. Compartments had stainless steel wire grid floors (squares of 0.5 cm 2 ) that allowed excretions to pass to the lower level of the apparatus while limiting direct physical contact between the males and the female. The lower and upper levels of the apparatus were kept apart overnight so that the animals could acclimate to the new environment. On the morning of female postnatal day 22, the upper part of the apparatus was placed over the lower level, thereby exposing the female to the excretions of the stimulus males. Males were re-injected, as described above, on female postnatal days 22 and 23, for a total of three injections. For these subsequent injections, males were each isolated from the apparatus for a 1 h period. On female postnatal day 24, the female was anaesthetised and perfused and the uterus, ovaries, a sample of muscle tissue, the MCCDC, the olfactory bulbs, and cerebral cortex were extracted, processed and analysed for radioactivity as described above.
Tracing injected 3
H-E 2 within males HS male mice were injected i.p. with 10 ml 95% ethanol or 10 mCi 3 H-E 2 ([2,4,6,7-3 H(N)]-E 2 , in ethanol, 1.0 mCi/ml, 89.2 Ci/mmol, PerkinElmer), and then set aside for 1 h. Each male was then killed with sodium pentobarbital. The preputial glands were exposed via a lateral incision through the skin of the lower abdomen, then removed and stored in a cryotube. After an incision through the abdominal muscles, bladder urine was collected with a syringe and 27 GA needle. The seminal vesicles were removed, and seminal fluid was collected into a weigh tray. Finally, the epididymides and testes were removed, isolated and trimmed of fat. The preputial glands were sliced and spun at 6000 g for 10 min to isolate the fluid. Seminal fluid was allowed to coagulate for 1 h, then was weighed and processed. Testes and epididymides were separately placed in pre-weighed vials, weighed to determine tissue wet mass and then processed.
Enzyme immunoassay of natural male urinary steroids HS males were each paired with an inseminated CF1 female using a Plexiglas apparatus with two adjacent chambers each measuring 15!21!13 cm (height). The chambers were separated with wire mesh grid with squares measuring 0.5 cm 2 , and the floor consisted of wire mesh raised w1 cm above a Teflon stainless steel surface covered with wax paper, which permitted non-invasive collection of urine. The female was introduced to the chamber on day 1 of gestation at the commencement of the dark phase of the cycle. The male was then immediately introduced into the adjacent chamber. Following the commencement of the dark phase of the cycle of days 3, 4 and 5 of the female's gestation, urine was collected from each male, placed into a labelled vial and then frozen at K20 8C.
Validations and full procedures for enzyme immunoassays for mouse urine were previously reported (Muir et al. 2001 , deCatanzaro et al. 2003 . Steroids and creatinine standards were obtained from Sigma. Steroid antibodies and corresponding HRP conjugates were obtained from the Department of Population Health and Reproduction at the University of California (Davis). Cross-reactivities for anti-E 2 are: E 2 100%, oestrone 3.3%, progesterone 0.8%, testosterone 1.0%, androstenedione 1.0% and all other measured steroids !0.1%. Cross-reactivities for anti-testosterone are: testosterone 100%, 5a-dihydrotestosterone 57.4%, androstenedione 0.27%, androsterone and DHEA, cholesterol, E 2 , progesterone and pregnenolone !0.05%. Cross-reactivities for anti-progesterone are: progesterone 100.0%, 11a-hydroxyprogesterone 45.2%, 5a-pregnen-3,20-dione 18.6%, 17a-hydroxyprogesterone 0.38%, 20a-hydroxyprogesterone 0.13%, 20a-hydroxyprogesterone 0.13%, pregnanediol !0.001%, pregnenolone 0.12%, E 2 !0.001% and oestrone !0.04%.
Nunc Maxisorb plates were first coated with 50 ml of antibody stock diluted at 1:10 000 in a coating buffer (50 mmol bicarbonate buffer/l, pH 9.6) and stored for 12-14 h at 4 8C. Wash solution (0.15 mol NaCl/l containing 0.5 ml of Tween 20/l) was added five times to each well using an ELx50 automated strip washer (Bio-Tek, Winooski, VT, USA) to rinse away unbound antibody, and then 50 ml phosphate buffer was added per well. The plates were incubated at room temperature (21 8C) for 2 h for E 2 determination, 30 min for testosterone and 1 h for progesterone determination before adding standards, samples or controls. Urine samples were diluted 1:8 in phosphate buffer before they were added to the plate. Standard curves were derived by serial dilution from a known stock solution. For each hormone, two quality control urine samples at 30 and 70% binding (the low and high ends of the sensitive range of the standard curve) were prepared. For all assays, 50 ml E 2 , testosterone or progesterone HRP was added to each well, with 20 ml of standard, sample or control for E 2 or 50 ml of standard, sample or control for progesterone or testosterone. The plates were incubated for 2 h at room temperature. Subsequently, the plates were washed and 100 ml of a substrate solution of citrate buffer, H 2 O 2 and 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) were added to each well and the plates were covered and incubated while shaking at room temperature for w30-60 min. The plates were read with a single filter at 405 nm on an ELx 808 microplate reader (Bio-Tek). Blank absorbance was subtracted from each reading to account for non-specific binding. In all assays, absorbance was obtained, standard curves were generated, a regression line was fit to the most sensitive range of the standard curve (typically 40-60% binding) and samples were interpolated into the equation to obtain a value in pg per well. Urinary creatinine measures were also taken, with the average of duplicates taken for each sample. All urine samples were diluted 1:40.77 (urine:phosphate buffer). Using Dynatech Immulon flat bottom plates, 50 ml/well of standard was added with 50 ml distilled water, 50 ml 0.75 M NaOH and 50 ml 0.4 M picric acid. The plate was then shaken and incubated at room temperature for 30 min. The plate was measured for optical density with a single filter at 490 nm. Standard curves were generated, regression lines were fit and the regression equation was applied to the optical density for each sample. Steroid measures were adjusted for creatinine by dividing the obtained value by the measure of creatinine per millilitre of urine for the particular sample.
Intranasal or cutaneous administration of 3 H-steroids to inseminated or juvenile females Inseminated females on day 2 of gestation were briefly anaesthetised with isoflurane delivered for 2 min in a sealed chamber. Each was delivered 10 ml 95% ethanol; 10 mCi 3 H-E 2 (E 2 - [2, 4, 6, H(N)], in ethanol, 1.0 mCi/ml, 89.2 Ci/mmol, PerkinElmer); 10 mCi 3 H-T (testosterone-[1,2,6,7-3 H(N)], in ethanol, 1.0 mCi/ml, 70 Ci/mmol, PerkinElmer); or 10 mCi 3 H-P 4 (progesterone-[1,2,6,7-3 H(N)], in ethanol, 1.0 mCi/ml, 101.3 Ci/mmol, PerkinElmer) via micropipette with the tip placed in one nostril. Intranasal administration of 3 H-E 2 was also examined in juvenile females weaned at 28 days of age. Following this procedure, females were killed with isoflurane and then intranasally administered either 10 ml 95% ethanol or 10 mCi 3 H-E 2 . Cutaneous application was examined in inseminated females that were given a direct application of 10 ml 95% ethanol or 10 mCi 3 H-E 2 on the surface of the lower left quadrant of the abdomen, also by micropipette.
In all cases, following a 1 h absorption period, females were killed with sodium pentobarbital and then perfused through the heart via the left ventricle with 30 ml saline for inseminated females and 20 ml saline for juvenile females. Uterus, ovaries, muscle samples, olfactory bulbs, MCCDC and cortex were extracted as described above, and all tissues were separately placed in pre-weighed, pre-labelled vials and weighed to determine tissue wet mass.
Sample processing for scintillation counting
Female and male tissue samples, as well as coagulated male seminal fluid, were homogenised by adding 1-1.5 ml SOLVABLE (PerkinElmer) to each vial immediately after wet masses were determined. Each vial was placed in a 60 8C water bath for 2-4 h. Following the first 1 h, vials containing blood were set aside and allowed to cool for 10 min. After cooling, 0.4 ml 30% H 2 O 2 was added in 0.1 ml aliquots (one aliquot every 5 min) to the blood and SOLVABLE solution to reduce colour quenching. Once the final aliquot of H 2 O 2 was added, vials were placed back in the water bath for 1 h. Following cooling, 10 ml Ultima Gold scintillation cocktail (PerkinElmer) was added to each vial, with 15 ml Ultima Gold added to solubilised blood to further reduce quenching. Male urine and preputial gland fluid samples were processed by directly adding 10 ml of sample to 10 ml Ultima Gold scintillation cocktail in 20 ml scintillation vials. Vials were left undisturbed in a TriCarb 2910 TR Liquid Scintillation Analyzer (PerkinElmer) for at least 12 h to eliminate background noise in the form of heat and luminescence. Radioactivity was measured for 5-10 min per sample, and counting efficiency was determined using QuantaSmart software (PerkinElmer).
Statistical analyses
Data are presented as meansGS.E.M. For each measure within an experiment, t-tests for independent samples were applied where two conditions were compared. For comparisons involving animals exposed to 3 H-E 2 , one-tailed tests were used because of a clear prediction about direction of the effect. One-way ANOVA was used where there were more than two conditions. In order to compare tissues within a particular treatment group, within-subject ANOVA was used. The threshold for statistical significance (a level) was set at P!0.05. Following significant ANOVA, pairwise multiple comparisons were conducted using the Newman-Keuls method with significance set at P!0.01 unless otherwise indicated.
Declaration of interest
